We study the effect of the rotation on a harmonically trapped Fermi gas at zero temperature under the assumption that vortices are not formed. We show that at unitarity the rotation produces a phase separation between a non rotating superfluid (S) core and a rigidly rotating normal (N) gas. The interface between the two phases is characterized by a density discontinuity nN/nS = 0.85, independent of the angular velocity. The depletion of the superfluid and the angular momentum of the rotating configuration are calculated as a function of the angular velocity. The conditions of stability are also discussed and the critical angular velocity for the onset of a spontaneous quadrupole deformation of the interface is evaluated.
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PACS numbers:
The effect of the rotation on the behavior of a superfluid is a longstanding subject of investigation in condensed matter as well as in nuclear systems [1, 2] . Due to the irrotationality constraint imposed by the existence of the order parameter a superfluid cannot rotate like a normal fluid. This implies the quenching of the moment of inertia at small angular velocities Ω and the occurrence of quantized vortices at higher Ω. These peculiar features have been experimentally studied in a systematic way in superfluid helium and, more recently, in Bose-Einstein condensates (see e.g. [3] ).
The recent realization of ultracold Fermi gases with tunable interaction close to a Feshbach resonance has opened new opportunities to investigate the effects of superfluidity along the so called BCS-BEC crossover (for recent reviews see, for example, [4, 5] ). While on the BEC side of the resonance (small and positive values of the scattering length) the physics of a Fermi superfluid approaches the behavior of a Bose-Einstein condensed gas of dimers, on the opposite BCS side (small and negative values of the scattering length) superfluidity is much more fragile because of the weakness of Cooper pairs. A further challenging regime is given by the unitary gas of infinite scattering length where the system exhibits a universal behavior and, in many respects, behaves like a strongly interacting fluid. Quantized vortices have been recently observed on both sides of the resonance [6] , including unitarity, providing a unifying picture of the behavior of the system along the crossover.
Previous theoretical work on superfluid rotating Fermi gases has mainly focused on the dynamics [7] and on the instability [8, 9] of configurations with high vortex density. The purpose of this Letter is to investigate the behavior of the gas when quantized vortices are not formed. Experimentally this scenario is achievable through an adiabatic ramping of the the angular velocity of the rotating trap starting from a configuration at rest. In the case of trapped BEC's this procedure has permitted to reach values of angular velocity significantly higher than * Electronic address: recati@science.unitn.it the Feynman critical angular velocity for the formation of quantized vortices whose nucleation is inhibited by the presence of a barrier. Under these conditions new phys- ical phenomena occur like, for example, the spontaneous breaking of rotational symmetry caused by the energetic instability of the surface modes [10] and, at even higher angular velocities, the occurrence of dynamic instabilities [11] . These phenomena have been observed experimentally in BEC's [12] , confirming in a qualitative and quantitative way the correctness of the irrotational hydrodynamic picture of rotating superfluids.
The key point of the present work is that trapped superfluid Fermi gases can behave quite differently from BEC's because pairs are easily broken by the rotation. In the following we will restrict our discussion to the most relevant unitary gas. While at small angular velocities the superfluid is unaffected by the rotation of the trap [13] , we predict that at higher angular velocities the rotation results in a phase separation between a non rotating superfluid core and a rigidly rotating normal component (see Fig.(1) ). The mechanism of pair breaking is very intuitive. In fact near the border of the cloud, where the density n is small, the energy cost for destroying superfluidity is also small, being proportional to n 2/3 . Viceversa the centrifugal energy gained by the normal phase can be large, being proportional to Ω 2 R 2 where R is the radius of the cloud. Notice that this mechanism cannot occur in the BEC regime due to the high energy cost needed to break the dimers. Furthermore, differently from the nucleation of vortices, the formation of the normal part is not inhibited by the presence of a barrier as all the relevant energy scales are vanishingly small near the border and the energy gain is ensured as soon as one starts rotating the trap. The appearance of a normal part due to rotation is not peculiar of ultra-cold atomic Fermi gases. For example, superfluidity is known to be unstable in nuclei rotating with high angular velocity [2] . Such an effect is also related to the so-called intermediate state in type-I superconductors, where the role of the rotation is played by the external magnetic field (see, e.g., [14] ).
We are interested in a Fermi gas confined by a harmonic potential
, rotating with angular velocity Ω along z. We study the problem in the frame rotating with the trap where the potential is static and the Hamiltonian is H − ΩL Z . In the local density approximation the energy of the rotating configuration at zero temperature can be written as
where ǫ(n) is the energy density per particle, v the velocity field, µ the chemical potential and n the density.
By terming R S (θ, φ) the interface separating the superfluid from the normal component, the integral in Eq.(1) splits in two parts. The internal superfluid core occupies the region r < R S (θ, φ) and the surrounding normal phase is confined to R S (θ, φ) < r < R N (θ, φ), where R N (θ, φ) is the Thomas-Fermi radius of the gas where the density vanishes. The energy densities in the two phases are given, respectively, by
where n S (n N ) is the superfluid (normal) density and the dimensionless parameters ξ S = 0.42 and ξ N = 0.56 account for the role of interactions in the two phases. Their value has been calculated in [15, 16] employing Quantum Monte Carlo simulations. The equilibrium is found by minimizing the energy with respect to the densities and the velocity fields of the superfluid and normal part, as well as with respect to the position of the border surface. Notice that this picture ignores surface tension effects, a plausible assumption in the limit of large samples. The superfluid velocity obeys the irrotationality constraint and can be written as v S = ∇Φ. Varying the energy with respect to the velocity potential Φ yields the continuity equation
while variation with respect to the superfluid density n S leads to
where
where the effective harmonic potential V N (r) is now quenched by the rigid rotation according to (ω
By varying the energy (1) with respect to R S (θ, φ) we eventually find the equilibrium condition for the coexistence of the two phases in the trap. The resulting equation implies that the pressure of the two phases be the same: n 2 S (∂ǫ S /∂n S ) = n 2 N (∂ǫ N /∂n N ). Using Eqs.(2) and (3), one then predicts a density discontinuity at the interface given by
independent of the angular velocity. The equal pressure condition (7) combined with Eqs. (5) and (6), results in the useful relationship
which determines the surface R S (θ, φ) separating the superfluid and the normal part. In the following we assume ω x = ω y ≡ ω ⊥ and we consider the solution v S = 0, corresponding to a non rotating axi-symmetric superfluid and hence to V S = V . In this case we find
where θ is the polar angle. On the other side the ThomasFermi radius R N of the normal gas is fixed by the condi-
The value of µ is fixed by the normalization condition
where N is the total number of particles. While for Ω = 0 the system is completely superfluid, for Ω > 0 it phase separates into a superfluid and a normal component characterized by the density jump (7) at the interface. This behavior shares interesting analogies with the the phase separation between a superfluid and a normal component exhibited by polarized Fermi gases [17, 18, 19] where a jump in the density at the interface is also predicted to occur [20] . By tomographic techniques [19] it is nowadays possible to measure the density "in situ", thus the predicted discontinuity, and hence the value of ξ S /ξ N , should be observable experimentally. The radii R S and R N coincide at θ = 0 which means the absence of the normal part along the z-axis. In the plane of rotation (θ = π/2) the difference between the two radii is instead maximum and becomes larger and larger as Ω increases. In particular the radius of the superfluid is always smaller than the radius of the cloud in the absence of rotation, while the radius of the normal gas is always larger due to the bulge effect produced by the rotation. In Fig.(2) we plot the densities n S and n N as a function of the radial coordinate at θ = π/2 in a spherical trap for Ω = 0.45ω ⊥ . The densities and the radial coordinate have been renormalized with respect to the central density n 0 S and the Thomas-Fermi radius R 0 of the superfluid at rest. The inset shows the superfluid radius R S renormalized by R 0 as a function of the angular velocity Ω/ω ⊥ .
From the knowledge of the density profiles and from the radii Eqs. (9) and (10) we can calculate the number of particles in each phase. In Fig.(3) we show the ratio between the number of particles N S in the superfluid phase and the total number N as function of the angular velocity. The higher the angular velocity, the more particles prefer to stay in the normal phase and thus the superfluid is depleted. At small angular velocities the depletion of the superfluid follows the law N S /N = 1 − ( Another important observable is the angular momentum L Z . For an axi-symmetric configuration the superfluid does not carry angular momentum which is then provided only by the normal component:
The total angular momentum then increases with Ω and eventually reaches the rigid body value at Ω = ω ⊥ (see Fig.(4) ). The angular momentum of a rotating configuration has been measured in BEC's by studying the precession phenomena exhibited by the surface excitations [21] . While for small values of the angular velocity (Ω < 0.2ω ⊥ ) the superfluid is robust, it is remarkable that even at angular velocities far from the centrifugal limit the depletion of the superfluid and hence the angular momentum of the system are sizable.
A major issue concerns the conditions of stability of the rotating configuration discussed in this work. Let us first consider the question of energetic stability. We have shown that, in the frame rotating with the trap, the phase separated configuration is energetically favoured with respect to the configuration where the whole gas is at rest and superfluid. This is true for any value of the angular velocity. When Ω exceeds a critical value of order ( /mR 2 ) ln(R/d), where d is the healing length fixed, at unitarity by the interparticle distance, quantized vortices become an even more favourable configuration. This energetic instability is not however expected to be a severe difficulty if one increases the angular velocity in an adiabatic way because the presence of a barrier inhibits the access to the vortical configuration as proven experimentally in the case of BEC's [22] . At higher angular velocities the axi-symmetric superfluid configuration is eventually expected to exhibit a surface energetic instability, undergoing a continuous shape deformation, similarly to what happens in Bose-Einstein condensates [10, 12, 23] . This effect is accounted for by the solution v S = 0 of Eq.(4), corresponding to a spontaneous breaking of rotational symmetry in the superfluid component. In the case of Bose-Einstein condensates a quadrupole instability takes place at Ω cr = ω ⊥ / √ 2 and for larger values of Ω the solution v S = 0 corresponds to the so called overcritical branch [10] . A different value of Ω cr is predicted for the rotating Fermi gas, due to the new boundary condition imposed by the presence of the normal component. This condition requires that the velocity of the superfluid be tangential to the interface. In the simplest case of a 2D configuration we find the value Ω cr = 0.45ω ⊥ for the emergence of a spontaneous quadrupole deformation. The experimental measurement of Ω cr would provide a crucial test of the consequences of the phase separation caused by the rotation of the unitary Fermi gas.
An even more challenging question concerns the emergence of dynamic instabilities. In the case of a rotating BEC a dynamic instability takes place at values of Ω slightly larger than ω ⊥ / √ 2 and corresponds to the appearance of imaginary components in the frequency of some hydrodynamic modes [11] . In the case of the rotating Fermi gas discussed in this work a dynamic instability might be associated with the Kelvin-Helmholtz instability of the interface between two fluids in relative motion (see.e.g [24] ). However, if the densities of the two fluids are different, an external force stabilizes the two-fluid system against the appearance of complex frequencies in the low energy excitations of the interface [24] . This is actually our case where the density of the two phases exhibits the gap (7) and the system feels the external force produced by the harmonic confinement. We consequently expect that the system be dynamically stable at least for moderately small values of the angular velocity.
In conclusion we have shown that an ultracold Fermi gas at unitarity can separate into a superfluid and a normal component as a consequence of the adiabatic ramping of the trap rotation. The formation of the rotating normal component requires that the trap transfers angular momentum to the gas within experimentally accessible times. Its realization would open the unique possibility of exploring the Fermi liquid behaviour of a strongly interacting gas at zero temperature. Important effects to investigate are, for example, the zero sound nature of the collective oscillations and the behaviour of viscosity. The detailed study of the energetic instability associated with the spontaneous breaking of rotational symmetry as well as the effects of the rotation on the polarized phase (N ↑ = N ↓ ) will be the object of a future work.
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